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Synthesis and Design of High-Selectivity Wideband
Quasi-Elliptic Bandpass Filters Using Multiconductor
Transmission Lines

Juan José Sanchez-Martinez, Enrique Marquez-Segura, Senior Member, IEEFE, and Stepan Lucyszyn, Fellow, IEEE

Abstract—A comprehensive study of high-selectivity filters that
employ series multiconductor transmission lines (MTLs) and a
shunt MTL is presented. It is shown that this topology is suitable
for implementing three- and five-pole bandpass filters having
a quasi-elliptic frequency response. An exact synthesis proce-
dure with analytical design equations for achieving equal-ripple
passband response as a function of the operating bandwidth is
described. To validate the theory, several bandpass filters are
designed, fabricated, and measured. The excellent agreement
between the measurements and the predicted results validates
the proposed procedure as a reliable and quick technique for
designing wideband quasi-elliptic bandpass filters.

Index Terms—Bandpass filter, Butterworth response, Cheby-
shev response, coupled lines, multiconductor transmission lines
(MTLs), quasi-elliptic response, wideband.

I. INTRODUCTION

NCREASING consumer demands for higher data rates

and the release of the unlicensed use of the ultra-wideband
(UWB) from 3.1 to 10.6 GHz is driving research into new
UWB techniques, especially with those having monolithic and
hybrid integrated circuit solutions. UWB bandpass filters [1],
[2] are key for new applications (in ultrahigh-speed wireless
communications and radar systems), where it is necessary to re-
ject undesired signals and to confine transmitted power spectral
densities. Several imperfections and impairments occur in the
RF components that, if not corrected for, can cause spectrum
regrowth, interference, and noise, degrading the performance
of the system. Thus, it is important to realize filters with sharp
cut-off regions, low insertion losses, low in-band group-delay
variation, and flat amplitude responses.

Consequently, in recent years, there has been growing in-
terest in the design of bandpass filters with large fractional
bandwidths and high selectivity. Conventional microwave
filter theory is based on narrowband fractional bandwidths
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[3], [4], which has prompted the development of new types of
broadband filters [1], [2], [S]. A variety of filters have been
reported, with different forms of multiple-mode-resonator
(MMR) having stepped-impedance or stub-loaded configura-
tions, in order to position the first resonant frequencies into the
desired wide passband [6]-[26]. Most of these MMR-based
filters combine parallel-coupled lines with different types of
MMR structures.

The conventional high-pass prototype with short-circuited
stubs for designing wideband bandpass filters have been
explored in [27] and [28]. Bandpass filters with single and
multiple stages using composite series and shunt stubs are
proposed in [11], and ring-based wideband bandpass filters are
described in [29], [30]. Wideband filters based on transversal
signal-interaction concepts have been realized in [31], and
a stepped-impedance parallel-coupled microstrip structure is
employed in [32]. Nevertheless, although a great amount of
wideband bandpass filters have been reported, in most of these
works, there lacks a systematic design methodology, based
purely on filter synthesis (i.e., without the need for additional
tuning or optimization to reach the final specifications). Only
few works, as in [8]-[13], [30], [33], and [34], face this issue
in order to calculate the circuit design parameters for achieving
a specific frequency response.

A shunt-coupled A/4 short-circuited line section was used in
[17] to design bandpass filters with two transmission zeros. Ac-
cording to the study presented in [17], only a three-pole band-
pass filter can be designed by using A/4 open input/output cou-
pled lines. Therefore, the two \/4 open-circuited lines are re-
placed by two A\/2 short-circuited lines to generate two addi-
tional transmission poles within the pass band. However, here
it is demonstrated that, with two input and output A/4 coupled-
line sections, it is possible to design both three- and five-pole fil-
ters. Moreover, closed-form design equations are provided for
both conditions.

The use of two and three shunt-coupled lines to design wide-
band bandpass filters was previously addressed in [19], but only
equations for the special two-strip case were given and without
design guidelines. More recently, a shunt broad-side-coupled
microstrip/CPW stub was used in [20] to generate two transmis-
sion zeros, improving the upper passband selectivity. However,
although some equations were given to calculate the resonance
frequencies of the structure, there was no design procedure nei-
ther for the input/output coupled lines or for the shunt structure,
to obtain a desired frequency response.
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In [26], authors presented the analysis of a compact filtering
structure consisting of one series and one shunt wire-bonded
multiconductor transmission lines (MTLs). This compact
structure allows the design of bandpass filters to have a high-se-
lectivity quasi-elliptic function response, which can only be
achieved with three transmission poles. Moreover, it is difficult
to obtain higher rejection levels while also having good return
losses.

In this work, a wideband planar bandpass filter consists of
two series MTL and a shunt short-circuited MTL is analyzed in
rigorous detail and a comprehensive study of the filter is pre-
sented for the first time. By using the proposed topology and
design techniques, three- or five-pole wideband bandpass filters
having two transmission zeros on both sides of the passband can
be easily designed. A set of accurate analytical design equations
are derived from first principles, which allows the designer to
optimize the in-band flatness and enhance the roll-off slopes at
the cutoff frequencies. The new topology can enhance the filter's
performances for the asymmetric structure that we recently in-
troduced in [26], and the new synthesis methodology allows for
a greater degree of control over the desired frequency response.

This paper is structured as follows. First, to provide some
insights into the physical behavior of the filter, both series
and shunt wire-bonded MTLs are analyzed separately in
Sections II-A and II-B, respectively. Some preliminary design
equations are obtained to clarify the effects and benefits of
introducing the shunt MTL. Based on this theory, the whole
structure is rigorously analyzed in Section II-C. A complete set
of analytical design equations are derived and a design method-
ology is given to obtain the desired frequency response. How
the shunt short-circuited wire-bonded MTL is used, not only for
generating two transmission zeros but also to include two new
transmission poles within the passband, is described. Finally,
in Section III, a number of filters are designed, fabricated, and
measured to validate our new theory and techniques.

II. THEORETICAL ANALYSIS

The transmission-line equivalent circuit model for the pro-
posed wideband bandpass filter is given in Fig. 1. The T-struc-
ture filter consists of two series input—output wire-bonded
MTLs and a shunt short-circuited wire-bonded MTL. The
wire-bonded MTL is a specific case of multiconductor trans-
mission lines, in which bonding wires interconnect the ends
of alternate conductors. Assuming ideal short circuits across
alternate conductors (i.e., the bonding wires are very short
compared to wavelength and have insignificant series inductor
or resistance), the connections can be neglected and the equiv-
alent circuit model for a wire-bonded MTL can be reduced
to just a pair of coupled lines [35]. As a result, with this
simplified configuration, there are now only two independent
conductors and the operating bandwidth is increased, since
undesired resonances are suppressed. This scenario allows the
use of a simplified model in order to obtain analytical design
equations [36]. The use of wire-bonded MTLs is recommended
for achieving tight coupling, which would not be possible with
only two strips without any backside aperture [35].

MTL,

=
==

MTLy

Fig. 1. Transmission-line equivalent circuit model for the proposed wideband
bandpass filter consisting of two series and one shunt wire-bonded MTLs.

In the following equations, subscripts @ and b represent the
series and shunt wire-bonded MTLs, respectively (as also seen
in Fig. 1). However, for common expressions, the variable 4 is
also used; this can represent either a or b.

A. Analysis of Two Series Wire-Bonded MTLs

The layout of a two-port wire-bonded MTL in microstrip
technology is shown in Fig. 2(a). This element was used in [37]
to design a broadband balun, and a transmission-line equivalent
circuit model was obtained in [38], as a function of the number
of strips. Assuming a lossless medium, its admittance matrix
can be given as

(M2 — N?)sin4,

Y], =
[¥] M2 cos? 0, — N2 [

jM, cos 8,
N,

JNa
jM, cos Ha] 1

where M, and N, are related to the even- and odd-mode im-
pedances of a pair of coupled lines [39]

1 (ki—1) 7+ 72,

AL =— {1 i i 2
Zoei + Zooi ( 2 Zoei Zoo,» ( a)
ki =172, — Ze.

Ni = — (2b)

2 Zoei ZOOi

where k; represents the number of conductors and 8,, is the elec-
trical length of the conductors, which is calculated as the av-
erage value for the even- and odd-mode electrical lengths (an
approximation for inhomogeneous substrates) [35], [36], [40].
From (1), the image impedance of the series wire-bonded MTL
can be expressed as

1
ZIa = Zoa\/l + <1 — —2> COt2 00,
Ca

pa— 7]\7-0‘
« T M2 - N?

(3)
with

Zy “

and ¢, is equal to the maximum coupling coefficient of a k-line
quarter-wavelength four-port coupler, given by [39]
—N;
C; = .
M;

6))

The image impedance can be used to design the input—output
coupled-line structures [3] and it is of great importance for un-
derstanding the behavior of the two-port wire-bonded MTL.
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Fig. 2. (a) Layout and (b) image impedance of a two-port wire-bonded MTL.

Fig. 2(b) represents the image impedance (3) normalized by
Zy, for several coupling factors c,. As seen, Zy, is the image
impedance value of the structure at 8, = /2, that normally
corresponds to the design center frequency. There is a frequency
range where the image impedance is purely real, which can be
broadened by increasing the coupling factor. However, outside
of this frequency range, the image impedance is purely imag-
inary and the MTL behaves as an inductive reactance. From
these curves it is straightforward to deduce that if the MTL
is a quarter-wavelength long at the design center frequency,
and with Z, being the reference impedance at both ports, the
wire-bonded MTL can be designed to be perfectly matched at
one (with Zy, = Zjy) or two frequencies (with Zy, > Zj).
Therefore, a single-section wire-bonded MTL can be easily de-
signed to have either a Butterworth or a Chebyshev response,
having two transmission poles [41].

However, the proposed topology includes two cascaded wire-
bonded MTLs, and, for this configuration, the design procedure
using the insertion loss method is preferred over the use of the
image impedance, in order to synthesize the desired frequency
response. The insertion loss method allows a higher degree of
control over the passband and stopband characteristics. By using
the admittance matrix in (1), the square of the magnitude of
S-parameters for two-stage wire-bonded MTLs reduce to

F? 1
|Slls ?= 1+F2 ‘5215 2= 1 —|—F2 (6)

with

¢ — Z3 cost

F, = (cosz g+ —CZ (Zga __ 1) ) (7

Zy, 3 sind 2 - 73
where subscript s is used to denote this configuration with two
series MTL and Zg, is the normalized impedance of the MTL
(with Zy, /Zp). From the transfer function (6) and with (7), it
is possible to derive analytical design equations to obtain ei-
ther a Butterworth or Chebyshev type response, but having three
transmission poles. The design equations can be calculated by
setting Z,, = Zj, if a Butterworth response is desired, or by
equating Fs with a standard third order Chebyshev polynomial
for a Chebyshev response. For a bandpass filter, the fractional
bandwidth (FBW) is defined as

FBW = ch - fcl

7 ®

m
-

L \ .
1+e2 2 1+6§

fcl fo fc2 9 fcl fo
(a) (b)

Fig. 3. (a) Butterworth and (b) Chebyshev passband responses using (10).
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where f, is the design frequency and f.; and f.; are the pass-
band limits of the filter (Fig. 3). In addition, by considering that
the MTLs are one-quarter wavelength at the design frequency
and assuming a TEM propagation, it is possible to obtain the
electrical length of the structure at the lower cutoff frequency

fe1 as
FBW 7 FBW
—0, (1-—2) =2 (1-=2).

Fig. 3 shows typical maximally flat and equal-ripple re-
sponses. With the latter, for the Chebysheyv filter, the passband
limits are established for the equal ripple-level. Here, ¢ is a
ripple constant related to a given return loss Ly in decibels
within the pass band, given by the common textbook expression

[1]

)

1
€= N (10)
In contrast, for the Butterworth filter, f.; and f.o are the —3-dB
points of the frequency response; thus, the return loss Lg =
3 dB and, consequently, £ = 1.

Taking into account the above-mentioned considerations and
by analyzing (6) and (7), the following closed-form analytical
design equations are found to synthesize wideband bandpass
Butterworth and Chebyshev filters.

1) Third-Order Butterworth Response: From (6), if Zy, =
Zy, a maximally flat (i.e., Butterworth) response is obtained.
The associated design equations to obtained the desired oper-
ating bandwidth are

1
Ca—Sl“V‘SQ_ﬁ (11)
where
G =etanf, (1 +tan?6,) (12a)
1 1
R=56 " wc
1
Q= - e (12b)
81 ={/R++/Q*+R?
Sy, =/ R—+/Q3+ R2. (12¢)

This solution is exact and allows the value of ¢, to be calcu-
lated as a function of the fractional bandwidth (9). If the FBW
is defined for a return losses of Ly = 3 dB, thenes =

2) Third-Order Chebyshev Response: For a Chebyshev filter,
the design equations are created by comparing F; of (7) with
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[FBW=100

1.5

1
f/fo

Fig. 4. Calculated magnitudes of Sy, and S2; for two-stage wire-bonded MTL
filters designed with Butterworth (dashed line) and Chebyshev (solid line) re-
sponses for two 3-dB FBWs of 60% and 100%.

1
f1lio

a third-order Chebyshev polynomial [3]. As a result, the fol-
lowing design equations as a function of the fractional band-
width and ripple level are found [42]:

cos3 8, (u? — 1)

a — 1
c due (13a)
= 3 .
Zy, =4/ 1+ Z(UQ —1)cos? 0, (13b)
where u is given by
w=28, + 8+ — (14)
cos .1
with
§i =973
S, =g (152)
e(e? —cos?8.4 +2
G 1+2) (15b)
cos3 0,4
_ 3e2 (6 cos 8,1 —(27¢%+36) cos? 8.1 +36(1+52)) —cos® 6,1
9= 27 cosb 6,4 )

(15c¢)

It is important to emphasize that, because of the sin 4 term in
the denominator of F, F is not a standard Chebyshev polyno-
mial, and, thus, the obtained design (13) will provide an approx-
imated synthesis procedure. Nevertheless, this fact can be dealt
with (as in [25]), but it involves the use of laborious expressions
and, in general, approximated solutions are more suitable. After
obtaining the design values of Z., and ¢, for a particular oper-
ating bandwidth, they can be easily corrected for by means of
(6) to compensate for the effect of sin 8.

Using (11) and (13), two Butterworth and Chebysheyv filters
are designed for two 3-dB FBWs of 60% and 100%. The Cheby-
shev filter is designed for a return loss Ly of 20 dB, and its
equal-ripple bandpass is adjusted to meet the 3-dB FBW. The
computed design values of these filters are shown in Table I,
and the magnitudes of their calculated S-parameters are given
in Fig. 4. As expected, by using the Chebyshev type, both the
selectivity of the filter and in-band flatness are improved. There-
fore, the closed-form expressions (11) and (13) provide a quick
design procedure for Butterworth and Chebyshev filters, having
a specific bandwidth and in-band flatness. To achieve sharpened

TABLE I
DESIGN PARAMETERS OF TWO BUTTERWORTH AND CHEBYSHEV FILTERS

Butterworth Chebyshev (LR=20dB)
FBWs4p Ca 20, Ca 204 FBW*
(%) (dB) () (B () (%)
60 -7.15 50 =748 616 39.25
100 -3.65 50 -3.78  60.7 66.7

F BW™: Fractional bandwidth with equal-ripple response

©)

Fig. 5. (a)Layoutand (b) equivalent circuit model for the shunt short-circuited
wire-bonded MTL.

roll-off skirts, in the next subsection, a shunt wire-bonded MTL
will be used to place two transmission zeros at the lower and
upper cutoff frequencies.

B. Analysis of the Shunt Short-Circuited Wire-Bonded MTL

The shunt section used in the proposed filter is created by
short-circuiting the output port of a two-port wire-bonded MTL
[i.e., port 2 in Fig. 2(a)]. The layout and equivalent circuit model
for this one-port circuit are given in Fig. 5. This element, which
was previously analyzed in [43], is equivalent to a pair of series
short-circuited and open-circuited shunt stubs, having equiva-
lent characteristic impedances Z,., and Z,,, given by

1-¢f
Zocb = Z(]b . b ’

Zse, = Lo, Cb (16)

with (4) and

-N,

Zy, = ———=- 17
0= 3 (17

The input admittance ¥ of the shunt section can be easily
calculated from

Y =

1 1 [1-¢ -
=3 t 0, — cp tan 18
Zim, JZob < o CotUp — Cptan b) (18)

where ¢, is the coupling coefficient, as defined in (5). The imag-
inary part of Y, normalized by Yy, = 1/Z,,, is represented in
Fig. 6 for several coupling levels. As can be seen, the struc-
ture has two poles and three zeros. The zeros always appear at
8, = 0, 7/2 and 7, regardless of the value of ¢, but the position
of the poles can be controlled by simply adjusting the value of
cp. Taking into account this frequency response, the shunt MTL
can be used as a shunt resonator, to create transmission zeros at
different electrical lengths. These electrical lengths can be cal-
culated as [43]

Opn = £b,0 + 0w (19)
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Fig. 6. Input admittance of the shunt short-circuited MTL for several coupling

¢y, values.
oraa a
Y

20,5
T
MTL, MTL,
(@
JJ ocaa 0,
Y2 Zin. 20,5

(b)

Fig. 7. (a) Equivalent circuit model for the proposed filter and corresponding
circuits under (b) even- and (c) odd-mode excitations.

where

Opo = arccos <|£> = arccos (cp) (20)
M,

andn = 0,1,2,3,.... Consequently, from Fig. 6 it can be de-
duced that the shunt structure is appropriate for inserting two
transmission zeros at the cutoff frequencies (6,0 and m — 0,0)
of the bandpass filter. As it will be shown in the next section,
the shunt short-circuited wire-bonded MTL will be designed not
only to generate two transmission zeros but also to include two
new transmission poles within the passband.

C. Analysis for the Complete Filter

The equivalent circuit transmission-line model for the pro-
posed filter, comprising of two series wire-bonded MTLs and a
shunt short-circuited wire-bonded MTL, is depicted in Fig. 7(a).
The shunt MTL is modeled as a shunt admittance Y (18), while
the open-circuited MTL is represented by its equivalent circuit
consisting of a transmission-line section with two series open
circuit stubs [38]. Z,, was defined in (4) and Z,_ is given by

1-— a
Zoe, = Zo, —2.

ey
Ca
From Fig. 7(a), it can be seen that the configuration of the pro-
posed filter is a symmetrical structure and thus, the analytical
study of this arrangement can be easily decomposed into even-
and odd-mode excitations, as shown in Fig. 7(b) and (c), re-
spectively. To achieve the maximum operating bandwidth, both
series and shunt wire-bonded MTLs are designed with a length

of A\/4 at the design center frequency f,. Therefore, it can be
considered that their electrical lengths 8, and 8y, are similar and
equal to @ = (w/2)(f/f,), and the even- and odd-mode input
impedances can be expressed as

(ZoacaJrQZObcb)tanQ@f(ﬁZo 127,

lfcg
[2)

Zin, = Jj 20, ~ -
Ca (( o 27, —t - ) tan @ — 27y, ¢, tan® 9)
(22a)
. lfcg
Zin, = — 320, L cot@—c,tanb | . (22b)

Using the definitions (22a) and (22b), the S-parameters of the
proposed structure are easily determined in terms of Z;,, and
Zin, as

Zine Zino - Zg

Sll - A
Z, Zine - Zino
Sy =22 ( < ) (23a)
A = Zé =+ Z() (Z'ine -+ ZinD) + Zine Zino (23b)

where Z; is the characteristic impedance used to terminate the
input and output ports. By evaluating (23) and after several alge-
braic manipulations and rigorous transformations, the squared
magnitude of S1; and Ss1, are of the same form as (6)

1811 )* = F |8l = ! (24)
1+ F2 1+ F?2
but with
Ccp cosf (g4 cos® 8 + g cos? 6 + gO)
- <2c320b ) (e — cos?0)sin b (25a)
0o (2, - 2) (el 1) @2sb)

2CaZOb

0= 200 (2 (148) - 73 () v (1222
b40,
(25¢)
go =c> <ZOZ ca+25"20y (25, 1)> (25d)
0,
_ Z,
Zy, = 7
5 _ 20,
Zy, 7% (26)

The form of F' (25a) shows that the proposed topology is
straightforward for the design of selective bandpass filters
having a quasi-elliptic response. The rational function F' has
simple poles at cosf = ¢, and its numerator is a fifth-order
polynomial. This topology is also suitable for the design of
a five-pole passband filter with two transmission zeros [1],
[44]. This result highlights the main difference between the
proposed symmetric topology and the asymmetric configura-
tion presented in [26]. In [26], a compact filtering structure
was analyzed to obtain a three-pole bandpass filter. However,
by including the output series MTL, two new poles can be
created that improve both the flatness and the selectivity of the
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K g -8.2] |
B\ Y [

w/2  3n/4 w
0 (rad)

Fig. 8. Magnitude of S1; as a function of ¢, considering an asymmetric or
symmetric filtering topology. Zo,, = %o, = 1,¢, = —4 dB.

passband. Fig. 8 shows the contour plots for the magnitude of
511 for the asymmetric and symmetric topologies, as a function
of ¢, for a particular value of Zoa = Z_Ob =1land¢, = —4 dB.
From these curves, it can now be seen that the asymmetric
scheme can only be designed to have three transmission poles,
while the symmetric filter can be configured to have three or
five poles. Moreover, where the asymmetric filter has three
poles the range of values for ¢, is very small. In contrast,
for the symmetric configuration, there is a coupling level ¢,
where the filter presents three transmission poles and, for lower
values the filter always has five poles. This frequency behavior
demonstrates that the new topology not only provides a better
frequency response but is also less sensitive to small deviations
from the theoretical design parameters.

The design of the proposed filter for an equal-ripple pass band
can be directly accomplished by evaluating (24). However, its
frequency response depends on ¢, Zq,, , ¢ and Z, , and this in-
volves a laborious process in order to achieve the desired band-
width with particular insertion losses or rejection level and with
an equal-ripple passband. Therefore, analytical equations are
desirable for a quick design process. This procedure is carried
out by comparison of F' with the rational function f(z) [44] as

B o?xTy, 1 (x)+5%2T, _3(x)—2aT, _2(x)

a=a++a? -1
B=a—+a%> -1 (27b)

where f(x) is expressed in terms of Chebyshev polynomials
of order n. This has simple poles at 2 = +a, and the equal-
ripple passband is determined for —1 < x < 1. This region
is mapped to the passband of the filter by replacing cos 8 with
cos 8/ cos 8.1 tomap 2 = 1 to 8.1 . After this substitution, a can
be written as

cosbpo

cos 8.1

28
cos 8.1 (28)

[S11]&]S21]

/2 3m/2 ™

0 (rad)

0 /4

Fig. 9. Magnitude of S-parameters for a quasi-elliptic filter having five trans-
mission poles and two transmission zeros.

which defines the ratio between the transmission zero 8,y and
the cutoff frequency 8.1, where a > 1, as illustrated in Fig. 9.
The lower the value of a, the closer the transmission zeros are to
the cut-off frequencies. From (28), it is seen that for a particular
FBW, ¢, is determined for each value of a.

In addition, from (24) and (27), the following relationships
between the design parameters are found to design a five-pole
quasi-elliptic filter:

1/2
5 —Cy — \/C3 — 4C,C,
Oa = 20,
catv 2o, |28 (Ac? + 2B) — B]

(29a)

T = _
% 7 2[2(B+ E(A+ B)) — Z2 (2(B + Ac) + Bc})]
(29b)
where
4o 2(8%—4a? —4a”) cos 0%
8a?
2, .2 2 4
B (6a*+a*—p%) cos b (30a)
82
Co=cici(1+ A+ B) (30b)

Co=cS(A+1+e})+A(B—2(3+A))—cci(A+2B)
(30c)

Cy=Bc} — S (i — A)+ (A — B). (30d)
Equation (29) can be easily solved and allows the character-
istic impedances of the series and shunt MTL (Z,, and Z,)
to be calculated as a function of ¢, and ¢ in order to obtain
a particular equal-ripple operating bandwidth. The solutions of
the above equations guarantee that the designed filter will have
a quasi-elliptic response with five transmission poles and two
transmission zeros. The design procedure can be summarized
as follows.
Step 1) Calculate 6. according to the desired operating
bandwidth with equiripple response (9) (see Fig. 9).
Step 2) Specify a particular value of «, taking into account
the required selectivity. The lower the value of @ the
closer the attenuation poles to the cutoff frequency
and, consequently, the greater the skirt selectivity of
the filter. Once the value of a is determined, ¢ is
computed as ¢, = acos b, in (28).
Step 3) Obtain values for Z)a and Zob, as a function of ¢,
using (29).
Step 4) Evaluate (25a) with the computed values ¢, ¢,, Z(]a
and Z, 0, » to obtain the desired minimum return losses
(or ripple level) and the minimum stopband rejec-
tion level.
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Fig. 10. Design parameters Zo, and Zo, , return loss L (dB) and minimum
out-of-band rejection level R (dB) as a function of both, the coupling factor ¢,
of the series MTL and the fractional equal-ripple bandwidth FBW.

14 FBW=60 |eyrty-s—st—st FBW=100 |yirer—t—t—st—trg
§ P P

__ 08 1 &
= |
o 0.6 ’ 3 ._.
< ile ik | o Butt. H k il
=04 il A% | —a—cneb. | § 1% il ¢
o) F |.‘ ?',' "\‘ —4=Q-ellip. & L 9’ v,

0.2 g v H ) F 5 15 ‘g %

1 8 X 5 4
A \3 L) ¥
0 . AV 1 < o,
0 05 15 20 0.5 1.5 2

.1 s
flfe
Fig. 11. Magnitude of S11 and S»1 for a two-stage wire-bonded MTL filter

designed with a Butterworth and Chebyshev response, and the proposed quasi-
elliptic filter for two 3-dB FBWs of 60% and 100%.

Step 5) Select the values of ¢,, Zoa and Z@a to obtain a par-
ticular rejection level and ripple value. If a higher
rejection level is needed, increase the value of a and
go back to step 2). By increasing a, the skirt selec-
tivity is reduced but the minimum rejection level is
improved.

Using the above design procedure, Fig. 10 shows the contour
plots for the design parameters obtained as a function of the
fractional bandwidth, for a particular value of a = 1.2. It can be
seen that, depending on the final selected values, it is possible to
change both the return losses and the minimum rejection level.
Furthermore, for a particular FBW, the lower the return losses
(higher ripple level) the higher the rejection level. Therefore,
to improve the out-band rejection without reducing the return
losses, it is necessary to use a higher value of ¢ (decreasing the
skirt selectivity). However, it is important to mention that the
allowed values of Zy,, c,, Zo, and ¢, will be dictated by the
fabrication process.

To highlight the enhancement of the filtering performances
by including the shunt MTL, Fig. 11 shows the S-parameters for

TABLE 11
DESIGN PARAMETERS FOR A FIVE-POLE QUASI-ELLIPTIC FILTER

Quasi-elliptic (LR=20dB, a=1.2)

FBWs3uB Cq ZO,,, Cp ZOb FBW*
(%) (dB) () @B (©) (%)
60 75 51 -58 612 56
100 -4.4 50 -2 52.4 92

F BW™: Fractional bandwidth with equal-ripple response

Butterworth and Chebyshev filters, with only two series MTLs,
and of the proposed quasi-elliptic filter for two 3-dB fractional
operating bandwidths of 60% and 100% (Lr = 20dB for
Chebyshev and quasi-elliptic responses). The improvements
in the skirt selectivity and flatness of the pass band are excep-
tionally good. The design parameters are given in Table II,
and, compared with Table I, it is seen that, for both 3-dB
operating bandwidths, the FBW with the equal-ripple response
is increased by approximately 40%.

The general design equations in (29) can be greatly simplified
if Zoa =1 (i.e.,, Zo, = Zy). Under this specific condition, the
following two closed-form design equations are found:

[ —B(+c})+/B2(1+)2+4BZ(A+c}) 2
Ca = 2(A+c})

(31a)
_ ca(Ac + B)
%0, = 2Bey(c2 — 1) (310)
where A and B are defined in (30a). Now, by setting a (with
¢y = acosf.), parameters ¢, and Z,, are defined precisely
using (31). This means that, for a particular operating band-
width, both the ripple value and the minimum rejection level
are fixed. The computational complexity of (31) compared with
(29) is similar. However, given a desired FBW by means of the
general equations, it is possible to synthesize the filter with dif-
ferent ripple and rejection levels (see Fig. 10). Fig. 12 shows
the S-parameters for the proposed filter having two bandwidths
and several values of @, by using the general (29) with L =
[20, 30] dB and by means of the simplified expressions in (31)
with Zy, = 1. As can be seen, general design equations allow
the value of Ly to be adjusted, but, when Z;, = 1, the fre-
quency response is automatically fixed for each value of a. Nev-
ertheless, from these curves, it is noted that for values of Ly
between 15 and 20 dB, the use of Z,, = Z, provides excellent
results.

Furthermore, as shown in Fig. 8, the proposed topology can
also be used to synthesize a three-pole quasi-elliptic filter. By
imposing this condition on (24), the following equation has been
derived:

7 4 474, caCh [Z_ga (c2(2¢2 —3)+cf) + 032(1 —c7)] P
4[Z2 (f — )+ c2(1—c})]
_icicg (4Z§a (2 —1)+ 1)
4 [Zga (cf —c2)+c2(1— cg)] ?

0y

=0 (32)
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Fig. 12. Magnitude of Si11 and Sa; calculated using (29) with Lp =
[20,30] dB and by using (31) with Z;, = 1, for two operating fractional
bandwidths FBW = [60, 80]% and several values of @ = [1.2,1.3,1.4].

where Zg, can be calculated by solving the quadratic equation
as a function of ¢,, ¢ and Z,,. Si@ilar to the simplification for
the general design expressions, if Zy_, = 1, then (32) reduces to

Ca (263 —d+2/ck —cd2(1+2) + cﬁ)
23 (1 c2)

Zow = (33)
It is important to note that (32) and (33) establish a unique
relationship between the series and shunt MTL, to obtain three
poles within the passband, but unlike the general expressions
for five poles, (29) or (31) (Zy, = 1), there is no control on
the required operating bandwidth. Therefore, some iteration is
necessary before the desired performance can be achieved.
Finally, once the design parameters (cq, Zo,, ¢, Zo,) for
three- or five-pole quasi-elliptic bandpass filters have been cal-
culated, the even- and odd-mode impedances for the series and
shunt MTLs can be determined using the following expressions:

k'i -1 1-— CZ
Lo, = Zy, (R—1 !
e 2 01( ) c?
Zoe,
Zooi = R’l (34&)
ci ++/(ki — 1)2(1 — ) + 2
R= L t, 34b
(ki — 1)(1 —¢;) (34b)

The above expression for (34) is derived from (4), (5), and
(17)and provides the values for the even- and odd-mode imped-
ances of both MTLs, as a function of k. The number of conduc-
tors (k) to achieve the required values of Z;, and ¢; will depend

0 100
= W (um)
4 — ]
100
Hh 100 |
s & wo
% sl ’J‘// 7 /// Auml
& 4 7
0 & /// 77
& /4
2 1 7 Rogers 4350B
€,=3.66, h=30 mil
A4 AR ) i ‘
0 20 40 60 80 100

Zo, (Q)

Fig. 13. Characteristic impedance Zo, (4) and coupling factor ¢; (5) for the
series and shunt wire-bonded MTL as a function of the number of conductors
k, the line-width W and spacing .S (grid spacing = 50 z m).

on the employed substrate and the manufacturing capabilities.
In addition, it is important to note that the equations in (34) are
different from the design equations for a k-line coupler [39]. Ina
four-port directional coupler, a condition for perfect match and
perfect isolation (Z3 = 1/(M? — N?)) is imposed [39], but in
this work the characteristic impedances of both MTLs (Zy,), ¢,
and ¢y, are calculated to achieve the desired frequency response.
Here, ¢, and ¢ are design variables and may not be interpreted
as the coupling factor of a directional coupler. In that sense, for
example, the fabrication of a MTL with ¢; = —10 dB can be
more complicated than another with ¢; = —4 dB, depending on
its characteristic impedance Z,. This behavior is illustrated in
Fig. 13, where Z;, and ¢; are represented as a function of the
width W; and spacing S; for several numbers of conductors k.
These curves have been calculated by using the Rogers 4350B
substrate (having a dielectric constant of 3.66 and thickness of
30 mil). This substrate will be used throughout the rest of this
work.

III. EXPERIMENTAL VALIDATION

To validate our theory and techniques, several filters have
been designed, fabricated and measured. Four five-pole and two
three-pole quasi-elliptic filters are designed using the analyt-
ical equations (29a), (29b), and (32). Fig. 14 gives the predicted
equation (24) and measured S-parameter results for the man-
ufactured prototypes. The measured group delay responses and
photographs of these filters are also shown in Fig. 14. The design
center frequency was chosen to be f, = 3.5 GHz. The phys-
ical dimensions and design parameters are given in Table III.
The minimum allowed width and spacing dimensions are lim-
ited to 100 z m, according to our in-house fabrication capability,
which determines the range of achievable values of Zy, and ¢;
(see Fig. 13).

Fig. 14 shows agreement between the predicted and mea-
sured S-parameter results; it should be emphasized that there
was no post-manufacture tuning. Three out of the four five-pole
filters have been designed with an operating fractional band-
width of 80% and the last one is designed with a bandwidth
of 50%. For the three-pole filters, two operating bandwidths of
84% and 34% have been selected. It is important to highlight
the excellent in-band flatness of the filters, with insertion losses
below 1 dB in all the prototypes, and steep roll-off skirts. From
Fig. 14(b) and (c), it can be seen that, given a desired FBW and a
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Fig. 14. Theoretical prediction (24) and measured S11, S21 and group-delay parameter performances for the manufactured three- and five-pole quasi-elliptic

filters (see Table III).

TABLE III
PHYSICAL DIMENSIONS OF THE FABRICATED FILTERS FOR A DESIGN CENTER FREQUENCY f, = 3.5 GHz

FBW a Zo, 20, Ca cp Zoeq Zoo, Zoey Zooy, ka Wa Sa ky Wy Sp

(%) @ (@ (@) (@B | @ (D) ) (D) (pm)  (pm) (pm)  (um)
Fig. 14(a) 80 1.22 50 48 -5.1 -2.9 217 92 223 74 4 100 230 6 114 125
Fig. 14(b) 80 1.17 50 65 -4.8 -3.1 219 90 235 72 4 100 215 4 100 105
Fig. 14(c) 80 1.17 60 65 -6.1 -3.1 180 59 235 72 2 230 100 4 100 105
Fig. 14(d) 50 1.4 52 30 9.1 -5.4 203 96 140 62 2 115 290 4 375 200
Fig. 14(e) 84 1.21 50 52 -4 -2.5 198 72 236 71 4 160 150 6 100 100
Fig. 14(f) 34 1.3 40 32 -10.5 -10 174 93 128 66 2 170 390 2 430 300

F BW:': Fractional bandwidth with equal-ripple response, £,=(;,=13.5 mm

particular value of a, the rejection levels can be improved by in-
creasing the value of Zp, but at the expense of worsening the re-
turn losses. In addition, all the filters exhibit sharp cutoff slopes
(a £ 1.4) and, as expected from theory, by increasing the value
of a, it is possible to obtain higher rejection levels with good

return losses [Fig. 14(d)]. Therefore, there is a tradeoff between
selectivity, return losses and out of band rejection. Nevertheless,
given an operating bandwidth, the attainable performance of the
filter will be ultimately limited by the capability of the fabrica-

tion process.
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Finally, it should be mentioned that the dimensions of
the series and shunt MTL have been calculated theoretically
[45], [46]and have not been optimized by any EM simulator.
Discrepancies between the theory and measurements can be
mainly attributed to material and fabrication tolerances, as well
as unequal even- and odd-mode phase velocities in the MTLs.
Because of this inequality, a spurious response can be seen at
approximately twice the mid-band frequency (2f, = 7 GHz).
Fortunately, there are a number of different techniques (dis-
tributed and lumped-element compensation approaches), to
equalize the phase velocity of both modes; beyond the scope
of this work. Nevertheless, even without any optimization, the
minimum rejection level is always better than 15 dB.

IV. CONCLUSION

A rigorous and comprehensive study of bandpass filters con-
sisting of series input and output wire-bonded MTL with a shunt
MTL has been presented. First, closed-form design equations
have been derived for the design of both third-order Butter-
worth and Chebyshev responses by using two series MTL. From
this, a new design procedure has been derived for the design of
quasi-elliptic function filters, by introducing an additional shunt
MTL. It has been shown that the new topology is suitable for
synthesizing three- and five-pole quasi-elliptic filters with sharp
cutoff slopes. To demonstrate the validity and accuracy of the
proposed analytical design equations, several prototypes have
been designed, fabricated and measured. All of the prototypes
exhibited low insertion losses (< 1 dB) with enhanced roll-off
characteristic at both the lower and upper cutoff frequencies. In
addition, the excellent agreement between the theoretical pre-
dictions and measured results should give designers the confi-
dence to use the theory given in this work for a fast and accurate
synthesis of bandpass filters for a desired frequency response.
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